A fibre-optic sensor capable of detecting an immune reaction between fluorescently labelled antigens and antibodies bound at the waveguide surface is described. In a configuration where skew rays were detected, a signal level was found that made detection of a concentration of 10e9 M antigen possible.
The evanescent wave is a well known physical phenomenon used in several types of chemo-optical sensors such as grating couplers, surface plasmon resonance sensors and fibre-fluorescence sensors [l-4] . It occurs on total internal reflection [5] of plane waves at the interface of two dielectrics and the relatively short penetration depth of the evanescent wave makes it very suitable for measuring optical changes at this interface. Additional specific advantages of a fibre-fluorescence sensor are the long interaction length and the high efficiency for collection of fluorescence emitted near the core of the fibre [6, 7] . For these reasons it is attractive to consider the use of the fibre-fluorescence sensor as an immunosensor.
In an evanescent fluorescence immunosensor, an antibody (Ab), immobilized onto the waveguide surface, is used as a selector molecule to detect quantitatively and specifically the presence of an antigen in the sample to be analysed. This is accomplished by adding a known amount of fluorescently labelled antigen, which will compete for Ab binding with the antigen present in the analyte solution.
On evanescent excitation of the label molecule the resulting fluorescence intensity is a measure of the concentration of non-labelled antigens.
In recent years, several fibre-fluorescence immunosensors with relatively low sensitivity have been described [2,8-lo] .
In this paper it is shown how the sensitivity can be improved considerably by taking into account more properly the propagation of rays inside the fibre with emphasis on skew rays.
THEORY
Consider a completely decladded fibre with a large diameter relative to the wavelength, so that a geometrical description can be used to determine the best optical set-up. It is of importance to consider how the fluorescent light, excited by the evanescent field, is coupled into the fibre. Figure 1 illustrates how a ray is propagated inside a cylindrical waveguide. At every reflection the angle $ between the ray and the normal on the fibre surface remains constant.
In general, 9 is greater than the critical angle, I#+. The angle eZ 
The numerical aperture (NA) of the fibre, defined as the sine of the maximum angle (Y under which light rays can be coupled into the fibre, is then given by
where n, is the refractive index of the fibre and +C = 7r/2 -eZ,C is the critical angle. A specific case arises when j3 = 7r/2; then + + 0, = m/2 and only meridional rays are present (see If /I # a/2, then the light is propagated in skew rays (see Fig. lc ). In this instance, according to Eqn. 1, 0, can have values up to r/2, and NA increases relative to that for meridional rays and can approach a value of unity (cf., Eqn. 2a).
Various workes [6, 7, 12] have shown that a radiating dipole, such as a fluorescing label, close to the interface of two dielectrics will radiate its power preferably in directions near the critical angle in the medium with the higher refractive index. In the present case the label molecules are about 5 nm from the surface. The light rays coupled into the fibre will therefore be concentrated near a cone surface with the symmetry axis normal on the fibre surface and with an internal top angle 2&. A minor part of the rays will have 0, = 7r/2 -c#+ and is meridional.
Most of the fluorescent power coupled into the fibre will, however, be in the skew rays, which, as can be seen in Fig.  lc , are concentrated near the surface of the fibre. Half of this light will reach the fibre end, and a portion of the light rays with e,, obeying Eqn. 3, will be captured by the detector. GZ,., < e, < arcsin(l/n,)
This means that the detection of fluorescence at the end of the fibre has to be optimized for detection of the skew rays which are coupled out.
EXPERIMENTAL
The experimental set-up is shown in Fig. 2 . The fibre, with a core diameter of 0.6 mm, was com-pletely decladded.
The cuvette contents were ca. 250 ~1 and the interaction length of the fibre was ca. 3 cm. A Melles-Griot 543.5-nm helium-neon laser was used,' which as a beam diameter of 0.75 mm and a power of ca. 0.2 mW. The lens used for exciting and collecting the fluorescence was a Spindler & Hoyer 40/0.65 microscope objective. The light was pointed directly onto this microscope objective.
The beam diameter was approximately four times smaller than the lens aperture, giving the possibility of varying the excitation angle, (Y. In these experiments cx was not varied because it is difficult to optimize fully the optics of the emission and the excitation paths at the same time. The alignment procedure was stopped if a clear green ring pattern coming out of the fibre was observed.
The magnified image of the fibre end overfilled the entrance pupil of the second lens. Therefore only part of the end surface near the edge was imaged onto the detector because the skew rays due to emitted fluorescence are concentrated there (see Fig. 3 ). When the centre of the fibre was imaged on the detector the signal was found to be insufficient.
Although NA,,,idiona, for the fibre, (1.482 -1.332)"2, equals NA for the microscope objective and the skew rays are emitted at greater angles, a portion of the skew rays leaving the fibre end within the area C (see Fig. 3b ) could be detected. It is clear that a lens with a greater NA would improve the detection.
It has been shown [12] that the choice of a microscope objective with NA = 0.70 will more than double the signal level compared with the objective with NA = 0.63 used.
An important fact to consider experimentally is that light rays travelling under the critical angle will be coupled out if the fibre is in contact with a material with n > 1.33. It is essential that this does not happen before the exciting light reaches the antibody-coated part and before the fluorescence reaches the upper fibre tip. Therefore, the fibre was held only at the far end. The set-up was therefore sensitive to mechanical noise and electronic noise suppression was applied by means of phase-sensitive detection using an optical chopper and a lock-in amplifier.
In view of the relatively long characteristic time of the immune reaction, the measuring system time constant could be chosen around 3 s. The antibody anti-human serum albumin (aHSA) was covalently coupled to the fibre surface following a previously described silanization procedure [13] . Subsequently, BSA was added to avoid nonspecific adsorption of antigens at uncovered parts of the surface.
The corresponding antigen HSA was labelled with an average of three molecuels of Rhodamine B isothiocyanate (RBITC) per HSA. RBITC has its absorption maximum near 560 nm and the emission is at ca. 580 nm. For this dye the use of an optical filter set consisting of three Schott OG570 and one band-pass filter (579 nm) proved to be adequate. All measurements were performed at room temperature in 0.1 M phosphate buffer (pH 7.15).
RESULTS
After preparation, the fibres were mounted in the cuvette, which was then filled with phoshate buffer. The background intensity was then measured. Next, HSA-RBITC in phosphate buffer was added and the immune reaction monitored for ca. 80 min at room temperature.
After the reaction, the cuvette and fibre were rinsed several times but this did not affect the signal level.
An example of three measurements is shown in Fig. 4 for HSA-RBITC concentrations of 10-9, lo-* and lo-' M. As is evident, the reaction at the highest concentration is much faster. The curves are reasonably well described by Eqn. 4 which follows from the Langmuir model S = constant[ 1 -exp( -f/r)]
When Eqn. 4 is fitted to the experimental results, for five independent measurements at lo-' M, a r (the time constant) value of 10 f 2 min was found. The curve fit for the reaction at lo-' M in Fig. 4 is shown in Fig. 5 . The fit is applied up to t = 25 min as it is clear that after 25 min the reaction can no longer be described by Eqn. 4. In Fig. 5 it is clear that the fit is valid up to t = 25 min except for r = 0. A change from the buffer to the sample takes time and changes the background level, which makes the starting point arbitrary.
For 10P8 and lop9 M concentrations the reaction did not reach a plateau value, making it very difficult to determine r. Nevertheless, there is a significant increase in the signal level, indicating that the apparatus is sensitive enough to measure such low antigen concentrations.
